Edible film production from chia seed mucilage: Effect of glycerol concentration on its physicochemical and mechanical properties  by Dick, Melina et al.
E
c
M
A
a
P
b
c
d
a
A
R
R
A
A
K
M
C
E
P
W
M
1
ﬁ
i
t
p
a
e
q
L
p
a
(
2
&
t
h
0Carbohydrate Polymers 130 (2015) 198–205
Contents lists available at ScienceDirect
Carbohydrate  Polymers
j ourna l ho me  pa g e: www.elsev ier .com/ locate /carbpol
dible  ﬁlm  production  from  chia  seed  mucilage:  Effect  of  glycerol
oncentration  on  its  physicochemical  and  mechanical  properties
elina  Dicka,  Tania  Maria  Haas  Costaa,b, Ahmed  Gomaac,d, Muriel  Subiradec,
lessandro  de  Oliveira  Riosa,  Simone  Hickmann  Flôresa,∗
Bioactive Compounds Laboratory, Food Science and Technology Institute, Federal University of Rio Grande do Sul, Av. Bento Gonc¸ alves n. 9500,
O  Box 15059, 91501-970 Porto Alegre, RS, Brazil
Chemistry Institute, Federal University of Rio Grande do Sul, Av. Bento Gonc¸ alves n. 9500, PO Box 15003, 91501-970 Porto Alegre, RS, Brazil
Faculté des Sciences de l’Agriculture et de l’Alimentation, Pavillon Paul Comtois, Université Laval, Québec, QC, Canada G1V 0A6
Food Science and Nutrition Department, National Research Center, Cairo, Egypt
 r  t  i  c  l e  i  n  f  o
rticle history:
eceived 21 October 2014
eceived in revised form 12 May  2015
ccepted 18 May  2015
vailable online 23 May  2015
a  b  s  t  r  a  c  t
This study  investigated  the  physicochemical  and  mechanical  properties  of  a  novel  edible  ﬁlm  based  on
chia mucilage  (CM)  hydrocolloid.  CM  (1%  w/v)  ﬁlms  were prepared  by  incorporation  of three  concen-
trations  of glycerol  (25%,  50%,  and  75% w/w,  based  on  CM weight).  As  glycerol  concentration  increased,
water  vapor  permeability  (WVP),  elongation  at break  (EB),  and  water  solubility  of CM  ﬁlms  increased
while  their  tensile  strength  (TS),  and  Young’s  modulus  (YM)  decreased  signiﬁcantly  (p <  0.05).  CM  ﬁlms
containing  a high  concentration  of glycerol  were  slightly  reddish  and  yellowish  in  color  but  still  had  aeywords:
ucilage
hia seeds
dible ﬁlms
hysicochemical properties
ater vapor permeability
echanical properties
transparent  appearance.  CM  ﬁlms  exhibited  excellent  absorption  of  ultraviolet  light, and  good  thermal
stability.  The  scanning  electron  micrographs  showed  that  all CM  ﬁlms  had  a uniform  appearance.  This
study  demonstrated  that  the chia  mucilage  hydrocolloid  has  important  properties  and  potential  as  an
edible ﬁlm,  or  coating.
© 2015  Elsevier  Ltd.  All  rights  reserved.. Introduction
The development of alternative edible and/or biodegradable
lms to partly or totally substitute synthetic polymers have been
ntensiﬁed due to disposal and environmental problems with plas-
ic waste. Biopolymer-based packaging materials normally are
roduced from proteins, polysaccharides, lipids or their blends,
nd may  also serve as gas, moisture, aroma, and lipid barriers that
nhance food quality by minimizing its deterioration and conse-
uently improving its shelf life (Kokoszka, Debeaufort, Hambleton,
enart, & Voilley, 2010). In this context, edible ﬁlms based on
olysaccharides are potential substitutes for synthetic packaging
nd have been investigated and characterized by many researchers
Ahmadi, Kalbasi-Ashtari, Oromiehie, Yarmand, & Jahandideh,
012; Espino-Díaz et al., 2010; Ghasemlou, Khodaiyan, Oromiehie, Yarmand, 2011; Osés et al., 2009; Yang & Paulson, 2000). Never-
heless, as an opportunity to reduce the use of plastics by the food
∗ Corresponding author. Tel.: +55 51 3308 9789; fax: +55 51 3308 7048.
E-mail address: simone.ﬂores@ufrgs.br (S.H. Flôres).
ttp://dx.doi.org/10.1016/j.carbpol.2015.05.040
144-8617/© 2015 Elsevier Ltd. All rights reserved.industry, there is renewed interest in identifying more resources
as alternative materials in the production of edible ﬁlms.
The chia seed (Salvia hispanica L.) has gradually increased its
importance as a crop worldwide due to its nutritional and func-
tional characteristics. It has been observed that chia seeds soaked in
water exude a transparent mucilaginous gel that remains strongly
bonded to the coat seed. Chia seed gum is mainly composed of
xylose, glucose, and methyl glucuronic acid that form a branched
polysaccharide of high molecular weight (ranging from 0.8 to
2.0 × 106 Da) (Lin, Daniel, & Whistler, 1994). In 1996 chia mucilage
was described by the Food and Agricultural Organization (FAO) as
a potential source of polysaccharide gum due to its outstanding
mucilaginous properties in water solution, even at very low concen-
tration (Mun˜oz, Aguilera, Rodriguez-Turienzo, Cobos, & Diaz, 2012).
Chia seeds contain about 5–6% mucilage, a soluble dietary ﬁber that
can achieve water retention of 27 times its weight in water (Mun˜oz,
Cobos, Diaz, & Aguilera, 2012; Reyes-Caudillo, Tecante, & Valdivia-
López, 2008). CM could be employed in the food industry as a foam
stabilizer, a suspending agent, emulsiﬁer, adhesive or binder, as
a result of its water holding capacity, and viscosity (Salgado-Cruz
et al., 2013). Therefore, the mucilage obtained from chia seeds is
a novel source of polysaccharides and could potentially generate
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nteresting polymer blends for edible ﬁlms and coatings (Mun˜oz,
guilera, et al., 2012).
The addition of plasticizers to improve the mechanical prop-
rties of edible ﬁlms is highly required, and various plasticizers,
sually polyols, have been employed to increase the ﬂexibility and
orkability of these ﬁlms. Among the plasticizers, glycerol is one of
he most broadly used in ﬁlm-making techniques, and it has been
uccessfully employed in the production of polysaccharide-based
dible ﬁlms (Ahmadi et al., 2012; Ghasemlou et al., 2011; Khazaei,
smaiili, Djomeh, Ghasemlou, & Jouki, 2014; Piermaria et al., 2011).
t is water-soluble, polar, and a low molecular weight non-volatile
ubstance, which makes glycerol a suitable plasticizer to be used
ith a compatible water-soluble polymer (Ghasemlou et al., 2011).
To the best of our knowledge, there is no information in the lit-
rature on the properties of ﬁlms produced from CM as the major
omponent. So far, Mun˜oz, Aguilera, et al. (2012) blended CM with
hey protein concentrate to produce edible ﬁlms. This study, how-
ver, did not succeed in producing freestanding edible ﬁlms from
M, neither investigated the effects of different concentrations of
lasticizer on the properties of CM ﬁlms. As such, our research was
he ﬁrst to produce novel, biodegradable edible ﬁlms using only
M as the principal raw material, and to investigate the effects of
arious concentrations of glycerol as the plasticizer in the physical,
echanical, optical, barrier, thermal, and structural properties of
hese edible ﬁlms.
. Materials and methods
.1. Materials
Chia seeds (S. hispanica L.) employed in this study were pur-
hased from the local market in Quebec, Canada. They were
reviously imported from Bolivia. The seeds were stored in
acuum-sealed bags at 25 ◦C. Glycerol (Sigma Aldrich Co., St. Louis,
SA) and all chemicals were reagent-grade.
.2. Mucilage extraction
CM was obtained with the hydration process. The chia seeds (S.
ispanica L.) were soaked in distilled water at a seed to water ratio of
:30, and mechanically stirred using an overhead stirrer (Caframo
td, model BDC2002, Ontario, Canada) for at least 2 h at 25 ◦C. The
ucilage solution formed was separated from the chia seeds by
entrifugation (11,600 × g, 30 min) (Kendro Laboratory Products,
orvall RC-5C Plus, Newtown, USA), and thereafter ﬁltration with
 vacuum pump and a sieve to remove the tightly mucilaginous
el bound to the chia seed coat. The CM solution was  further ﬁl-
ered through a cheese cloth in order to remove the remaining small
articles. The resulting mucilaginous gel (CM solution) was freeze-
ried (SP Industries Inc., VirTis 50-SRC freeze dryer, Warminster,
SA) and stored in vacuum-sealed bags until required.
.3. Film formation
Three sets of ﬁlm-forming solutions were prepared by dissolv-
ng freeze-dried CM in distilled water (1% w/v). The solutions were
echanically stirred using an overhead stirrer (Caframo Ltd, model
DC2002, Ontario, Canada) for 3 h at 25 ◦C in order to disintegrate
ucilage aggregates and therefore form homogeneous dispersions.
he pH of each solution was adjusted to pH 9 with 0.1 M NaOH (this
H was selected based on research by Mun˜oz, Cobos, et al. (2012)
hat demonstrated that the highest hydration capacity of CM was
chieved at pH 9). The ﬁlm forming solutions were then heated in
 water bath at 80 ◦C for 30 min  under constant stirring at 120 rpm.
 different concentration of glycerol as the plasticizer (25%, 50%,
r 75% w/w, based on CM weight) was added to each CM solution.mers 130 (2015) 198–205 199
After heating, these mixtures were stirred for 30 min to form homo-
geneous solutions. A known mass of the prepared solutions was
then casted onto acrylic plates (0.55 g/cm2) and the ﬁlm was  devel-
oped by solvent evaporation in an oven (Weiss-Gallenkamp, BS
model OV-160, Leicestershire, U.K.) with air convection at 35 ◦C for
16–20 h. The ﬁlms were peeled from the plates using a spatula and
then stored in a desiccator at 25 ◦C and 52% RH (maintained with a
saturated magnesium nitrate Mg(NO3)2 solution) for at least 48 h
prior to determination of moisture content, mechanical properties,
and water vapor permeability characterization. All the experiments
were performed in triplicate, unless otherwise indicated.
The CM-based ﬁlms were coded based on the glycerol content
as CM25, CM50, or CM75 for ﬁlms plasticized with 25%, 50%, or 75%
glycerol, respectively.
2.4. Film characterization
2.4.1. Thickness
The thickness of the ﬁlms was measured with a hand-held digi-
tal micrometer screw gauge (Mitutoyo Corporation Shiwa, CD-613
Digimatic Micrometer, Japan) with a precision of ±0.01 mm.  The
mean thickness of each type of ﬁlm was  determined from an aver-
age measurement of ﬁve ﬁlms at ﬁve different positions of each
ﬁlm specimen.
2.4.2. Moisture content
The prepared ﬁlm samples of a 2-cm average diameter were
dried at 105 ◦C in an oven (Weiss-Gallenkamp, BS model OV-160,
Leicestershire, U.K.) and their moisture content was analyzed gravi-
metrically after 24 h of drying.
2.4.3. Water solubility (WS)
The water solubility of the ﬁlms was  deﬁned as the percentage of
dry ﬁlm matter dissolved after 24 h of immersion in distilled water,
and measured according to the method employed by Gontard,
Guilbert, and Cuq (1992). The dried ﬁlms from the moisture con-
tent analysis, assigned the initial dry weight (Wi), were immersed
in 30 mL  of distilled water and gently stirred for 24 h at 25 ◦C. The
samples were ﬁltered with a pre-weighed desiccated ﬁlter paper.
The ﬁlter paper containing undissolved fragments of ﬁlm was  dried
at 105 ◦C for 24 h in an oven (Weiss-Gallenkamp, BS model OV-160,
Leicestershire, U.K.). The resulting material was  weighed to deter-
mine the ﬁnal dry weight (Wf). The means of all the tests conducted
in quadruplicate have been reported. The water solubility (%) was
calculated according to the following equation:
WS (%) = Wi − Wf
Wi
∗ 100 (1)
2.4.4. Water vapor permeability (WVP) measurement
The gravimetric method based on the ASTM method E96-
95 (1995) with some modiﬁcations (McHugh, Avena-Bustillas, &
Krochta, 1993) was  employed to determine WVP. Each ﬁlm sample
without defects was sealed over a circular opening of 0.0032 m2 in
a permeation cell (inner diameter = 63.5 mm,  height = 25 mm)  that
was stored at 25 ◦C in a glass chamber. In order to maintain a 75%
RH gradient across the ﬁlm, anhydrous CaCl2 (0% RH) was placed
inside the cell and a saturated NaCl solution (75% RH) was added to
the glass chamber. The RH inside the cell was always maintained
lower than outside, and water vapor transport was  determined
from the weight gain of the permeation cell. At steady-state con-
ditions (after 2 h) permeation cells were weighed for the ﬁrst time
and at regular time intervals over a 24-h period. The water vapor
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ermeability of the samples was determined in triplicate with the
ollowing equation:
VP  = w.L
A.t.p
(2)
here w is the weight of the water that permeated through the ﬁlm
g), L is the thickness of the ﬁlm (mm),  A is the permeation area
m2), t is the time of permeation (h), and p  is the water vapor
ressure difference between the two sides of the ﬁlm (kPa).
.4.5. Film color
The color of the CM ﬁlms was determined with a colorimeter
Minolta Co. Ltd., CR-300, Osaka, Japan). CIE Lab color parameters
ere employed to measure the degree of lightness (L), redness (+a),
r greenness (−a), and yellowness (+b), or blueness (−b) of the ﬁlms.
ilms were measured on the surface of the white standard plate
ith color coordinates of L = 97.11, a = 0.15 and b = 1.84. Total color
ifference (E) was calculated using Eq. (3). Values were expressed
s the means of ﬁve measurements made on different areas of each
lm.
E  =
√
(Lﬁlm − Lstandard)2 + (aﬁlm − astandard)2 + (bﬁlm − bstandard)2
(3)
.4.6. Light transmittance and transparency value
The light transmittance of ﬁlms was measured at the ultraviolet
nd visible range (ranging from 200 to 800 nm)  with a UV–vis spec-
rophotometer (Shimadzu Corporation, UV-1800, Kyoto, Japan)
s described by Shiku, Hamaguchi, Benjakul, Visessanguan, and
anaka (2004). Film specimens were cut into rectangles and directly
laced in a spectrophotometer test cell, and air was used as the ref-
rence. The transparency value of the ﬁlms was calculated using the
quation transparency value = A600/x, where A600 is the absorbance
t 600 nm and x is the ﬁlm thickness (mm)  (Han & Floros, 1997).
he greater transparency value represents the lower transparency
f ﬁlm.
.4.7. Mechanical properties
The tensile mechanical properties were determined with a
ynamic Mechanical Thermal Analysis (DMTA) machine (TA Instru-
ents, model RSA-3, New Castle, USA). Film samples used in tests
ere cut with sharp scissors into dimensions of 70 mm length and
0 mm width. Prior to mechanical testing, samples were condi-
ioned at 25 ◦C, 52% RH for 48 h. Samples were clamped between
rips and force and deformation were recorded during exten-
ion at 20 mm/min, with an initial distance between the grips
f 60 mm.  Tensile strength (TS), elongation at break (EB), and
oung’s modulus (YM) were determined from ﬁve replicates for
ach ﬁlm formulation in accordance with ASTM D882-12 (2012). TS
force/initial cross-sectional area) and EB were determined directly
rom the stress–strain curves, and the YM was calculated as the
lope of the initial linear portion of this curve.
.4.8. Thermal properties
Thermo-gravimetric analyses were applied on CM ﬁlms with a
GA analyzer (Shimadzu Corp., model TGA-50, Tokyo, Japan) under
itrogen atmospheric conditions. The heating rate was  10 ◦C/min,
nd temperature range analyzed was 25–650 ◦C.
.4.9. Film morphology
The dried ﬁlm samples were mounted on aluminum stubs with
ouble-sided adhesive tape, and coated with a thin layer of plat-
num. Morphological observations of the surface and cross-section
fractured under liquid nitrogen prior to visualization) of the ﬁlmsmers 130 (2015) 198–205
were done with a scanning electron microscope (Jeol, model JSM-
5800, Tokyo, Japan) at 5-8 kV.
2.5. Statistical analysis
Statistica 8.0 software (Statsoft Inc., Tulsa, USA) was used for
statistical analysis. Analysis of variance (ANOVA) and Tukey’s mul-
tiple range test (p level of 0.05) to detect differences among mean
values of ﬁlms properties were used.
3. Results and discussion
3.1. Film characterization
3.1.1. Film formation and thickness
Preliminary experiments were conducted to determine the
hydrocolloid concentration (CM content) in each ﬁlm-forming
solution. It was  established that good ﬁlm-forming solutions (not
too gummy) could be obtained using 1% w/v  of CM.  Regarding the
plasticizer, CM edible ﬁlms prepared without glycerol were brittle
and cracked during drying on the casting plates. Thus, the glycerol
incorporated into the ﬁlm-forming solutions improved the ﬂexibil-
ity of the ﬁlms. As such, studies were conducted to determine the
glycerol concentration required for ﬁlm formulation. The effective
glycerol concentration for the ﬁlms was  within the range of 25–75%
(w/w, based on CM weight). We  observed that glycerol concentra-
tions lower than 25% (w/w)  of CM weight produced brittle ﬁlms that
were difﬁcult to handle, whereas concentrations of glycerol higher
than 75% (w/w) of CM weight produced ﬁlms that were ﬂexible but
sticky.
The CM ﬁlms had thickness values within the range of 0.054 to
0.060 mm  (Table 1). Nevertheless, increasing the concentration of
glycerol during preparation of the CM ﬁlms did not result in sig-
niﬁcant differences (p > 0.05) in the thickness of the resulting CM
ﬁlms.
Similar results of different concentrations of glycerol not having
a signiﬁcant effect on the thickness of edible ﬁlms were reported
by Kokoszka et al. (2010) for soy protein isolated-based edible ﬁlms
and Ghasemlou et al. (2011) for keﬁran ﬁlms. In contrast, Ahmadi
et al. (2012) reported signiﬁcantly (p < 0.05) increased thickness in
the edible ﬁlms prepared from psyllium hydrocolloid (1.2% (w/v))
in response to increasing the glycerol concentration. According to
these researchers, the ﬁlms with higher concentrations of glyc-
erol adsorbed more moisture resulting in increased thickness due
to swelling. Even so, in our study, the glycerol range tested was
not enough to a signiﬁcant increase in the ﬁlms’ thickness, which
may  have been due to the differences in ﬁlm-forming solutions
formulations and in the ﬁlm-making techniques.
3.1.2. Moisture content
The moisture content in the CM ﬁlms is provided in Table 1.
Increasing the glycerol concentration from 25% to 75% (w/w)  sig-
niﬁcantly increased the moisture content of the CM ﬁlms (p < 0.05),
which ranged from 18.18% to 41.88%. Ghasemlou et al. (2011)
similarly reported signiﬁcantly increased moisture content from
23.59% to 37.04% with increasing glycerol concentration in ﬁlms
prepared from keﬁran (an exo-polysaccharide obtained from keﬁr
grains). Additionally, Osés et al. (2009) and Mun˜oz, Aguilera, et al.
(2012) reported increasing moisture content in edible ﬁlms based
on whey protein isolate and mesquite gum (using 30% of sorbitol,
as plasticizer, based on dry total solids), and whey protein con-
centrate and CM (using 50% of glycerol, based on total solids),
respectively. The increased absorption of moisture by the ﬁlms with
increased concentration of plasticizer (glycerol) could be returned
to the massive hydrophilic nature of the plasticizer (Cho & Rhee,
2002). Indeed, the hydroxyl groups ( OH) along plasticizer chains
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Table  1
Thickness, moisture content, solubility and water vapor permeability of CM ﬁlms.
Samplea Thickness (mm)  MC (%) WS (%) WVP  (g mm/kPa h m2)
CM25 0.054 ± 0.004a 18.18 ± 0.59c 52.74 ± 0.96c 0.131 ± 0.006c
CM50 0.056 ± 0.004a 32.00 ± 0.41b 76.59 ± 1.90b 0.325 ± 0.008b
CM75 0.060 ± 0.007a 41.88 ± 0.78a 84.50 ± 0.74a 0.442 ± 0.019a
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niﬁcantly (p < 0.05) in agreement with the higher a and b values
for CM75 ﬁlms. Hence, the CM ﬁlms became slightly reddish (a+)
and yellowish (b+), but remained transparent, which was also con-
ﬁrmed by visual observation.
Table 2
Color measurements of CM ﬁlms.
Samplea Color
L a b E
CM25 82.71 ± 0.20a 0.69 ± 0.06b 23.81 ± 0.25b 26.27 ± 0.10b
CM50 82.61 ± 0.28a 0.68 ± 0.03b 24.49 ± 0.18b 26.90 ± 0.00bean ± standard deviation. Means in columns followed by different letter (a to c) a
olubility (WS), WVP  (water vapor permeability).
a Chia mucilage (CM) ﬁlm with 25, 50 or 75% glycerol content (w/w).
ay  develop polymer–plasticizer hydrogen bonds that replace the
olymer–polymer interactions in the biopolymer ﬁlms (Yang &
aulson, 2000).
.1.3. Water solubility (WS)
The solubility of CM ﬁlms was inﬂuenced by their glycerol con-
ent and increased with increasing concentrations of glycerol as
an be established from Table 1. The data show that the water
olubility in the CM ﬁlms plasticized with various concentra-
ions of glycerol increased signiﬁcantly (p < 0.05) from 52.74% to
4.50%. Ahmadi et al. (2012) and Ghasemlou et al. (2011) reported
 similar behavior for edible ﬁlms based on psyllium hydrocol-
oid and keﬁran grains, respectively, and plasticized with glycerol.
he glycerol in glycerol-plasticized ﬁlms diminishes interactions
etween biopolymer molecules and increases solubility due to its
ydrophilic nature, which results in more water attracted into the
olymer matrix and creates more mobile regions with greater inter-
hain distances (Cuq, Gontard, Aymard, & Guilbert, 1997).
The solubility evaluation of composite ﬁlms made with CM and
hey protein concentrate and employing polysaccharide:protein
atio of 1:4, showed total soluble matter ranging from 48.30% to
3.96% for ﬁlm forming solutions prepared at pH 10 and 7, respec-
ively, which are slightly lower than the results reported in our
tudy (Mun˜oz, Aguilera, et al., 2012). As the ﬁlm dispersion in water
epends mainly on chemical structure, the higher solubility val-
es of the 100% CM ﬁlms obtained in our study (relative to those
omposed of 25% CM in the literature) could be attributed to the
ombined factors of the hydrophilic nature of the polysaccharide
n chia and its slightly branched mucilage structure. Furthermore,
 relatively higher effective glycerol concentration (up to 75%,
ased on hydrocolloid weight) was used in this study, as compared
ith usually needed to plasticize ﬁlms based on protein and other
olysaccharides, and this fact might have contributed to the higher
olubility of the CM ﬁlms.
The desired solubility of a ﬁlm depends on its application or
ntended use (Pelissari, Andrade-Mahecha, Sobral, & Menegalli,
013). Considering the hydrophilic nature of CM, the ﬁlms were
issolved in water and lost their integrity over time. In their analy-
is of blended ﬁlms from soy protein isolate and cod gelatin, Denavi
t al. (2009) observed water solubility values above 80% and argued
hat such high solubility values would indicate poor water resis-
ance. However, the high solubility may  be advantageous in some
pplications, for example, as a carrier of bioactive compounds, or
n ready-to-eat products where the ﬁlm could melt during prepa-
ation in boiling water (Pitak & Rakshit, 2011). Moreover, the CM
lms are suitable for formation of small edible pouches with the
ealth beneﬁts of CM soluble dietary ﬁber.
.1.4. Water vapor permeability (WVP) measurement
Water vapor permeability (WVP) is the most important and
xtensive property of edible ﬁlms because of its close relation-
hip with deteriorative reactions (Ahmadi et al., 2012). Data
howing the effect of glycerol content on the WVP  of the CM
lms are provided in Table 1. There was a signiﬁcant difference
p < 0.05) between the WVP  values of ﬁlms made with differentniﬁcantly different (p < 0.05), based on Tukey’s test. Moisture content (MC), water
glycerol concentrations, which increased with glycerol content
in the ﬁlms. This effect was  previously observed by Yang and
Paulson (2000) for edible gellan ﬁlms. Glycerol is a small molecule
that can penetrate into the intermolecular matrix, reducing the
polysaccharide-polysaccharide interactions, therefore increasing
the free volume and segmental movements. Consequently, this
promotes higher WVP  since water molecules diffuse more easily
into polysaccharide network (Rodríguez, Osés, Ziani, & Maté, 2006).
Additionally, at a high concentration, glycerol could cluster with
itself to open polymer structures and enhance the permeability of
the ﬁlm to moisture (Yang & Paulson, 2000).
The WVP  values obtained in our study were lower than
for other biopolymers ﬁlms [including whey protein concen-
trate and CM composite ﬁlms (0.620–0.678 g mm/kPa h m2, Mun˜oz,
Aguilera, et al., 2012), Opuntia ﬁcus-indica L. mucilage-based
ﬁlms (4.96 g mm/kPa h m2, Espino-Díaz et al., 2010), whey pro-
tein isolate and mesquite gum composite ﬁlms (2.0 g mm/kPa h m2,
Osés et al., 2009) whey protein and okra polysaccharide fraction
composite ﬁlms (2.9 g mm/kPa h m2, Prommakool, Sajjaanantakul,
Janjarasskul, & Krochta, 2011)] but were comparable to galac-
tomannan ﬁlms (0.235 g mm/kPa h m2, Cerqueira, Souza, Martins,
Teixeira, & Vicente, 2010), and higher than synthetic ﬁlms [such
as high density polyethylene ﬁlm (HDPE) (0.0012 g mm/kPa h m2)
and polyester ﬁlm (0.0091 g mm/kPa h m2) (McHugh et al., 1993)].
The differences in results between edible ﬁlms may be attributed
to the hydrocolloid source and its proportion in the ﬁnal ﬁlm, ﬁlm
thickness used, as well as differences in test procedure. Even more,
these results indicate the good water barrier properties of CM ﬁlms
and their potential use as edible packaging for dried foods.
3.1.5. Film color
The color of edible ﬁlms is an important factor for consumer
acceptance. Table 2 shows the measured color parameters includ-
ing L (lightness), a (green–red), b (blue–yellow), and E (total color
difference) of the CM ﬁlms. The results showed that only the CM75
ﬁlm color parameters were signiﬁcantly (p < 0.05) altered.
Increasing glycerol concentration in CM ﬁlms (to 75% w/w)
resulted in decreased lightness (L), and an increase in green–red
color (a) and blue–yellow color (b) (Table 2). E  (the degree of
total color difference from the standard color plate) increased sig-CM75 79.97 ± 0.13b 0.84 ± 0.04a 28.28 ± 0.25a 31.52 ± 0.28a
Mean ± standard deviation. Means in columns followed by different letter are sig-
niﬁcantly different (p < 0.05), based on Tukey’s test.
a Chia mucilage (CM) ﬁlm with 25, 50 or 75% glycerol content (w/w).
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Table  3
Light transmittance (%) and transparency value (A600/mm)  of CM ﬁlms.
Samplea Light transmittance (%) at different wavelength (nm) Transparency value
200 280 350 400 500 600 700 800
CM25 0.02 0.06 4.37 20.64 44.80 55.59 61.66 65.09 4.49 ± 0.39a
CM50 0.01 0.14 7.73 24.66 48.92 59.63 65.92 70.06 3.43 ± 0.26b
CM75 0.02 0.08 5.18 18.30 41.76 53.36 60.57 65.31 3.38 ± 0.15b
Synthetic ﬁlmsb
OPP 4.6 80.0 86.2 87.9 88.8 89.1 89.3 89.6 1.67
LDPE  13.1 67.5 79.9 83.4 85.6 86.9 87.8 83.6 3.05
M ﬁcantly different (p < 0.05), based on Tukey’s test.
om Shiku et al. (2004).
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Table 4
Mechanical properties of CM ﬁlms.
Samplea TS (MPa) EB (%) YM (MPa)
CM25 17.75 ± 1.18a 1.93 ± 0.34c 778.40 ± 33.11a
CM50 13.20 ± 0.26b 10.78 ± 1.06b 216.11 ± 28.76b
CM75 9.44 ± 0.20c 15.89 ± 2.34a 105.15 ± 20.00c
Mean ± standard deviation. Means in columns followed by different letter (a to c)
T
Tean ± standard deviation. Means in columns followed by different letter are signi
a Chia mucilage (CM) ﬁlm with 25, 50 or 75% glycerol content (w/w).
b LDPE: low-density polyetlylene, OPP: oriented polypropylene. Data obtained fr
.1.6. Light transmittance and transparency value
Establishing the UV light absorption capacity of biodegradable
lms is important for determining their potential application in
ood packaging. The ability of these materials to absorb UV light
s important for extending the shelf life of fatty foods which are
usceptible to the oxidative degradation catalyzed by UV radiation
López & García, 2012). Table 3 summarizes the light transmittance
t selected wavelength (from 200 to 800 nm)  and the transparency
alue for CM ﬁlms, together with some synthetic ﬁlms.
The UV light corresponds to 200–280 nm region, and as showed
n Table 3, the light transmittance (%) was very low for CM ﬁlms in
his range, which implies that the CM ﬁlms have the ability to pro-
ect against UV radiation due to its UV barrier capability. Therefore,
he CM ﬁlms could play important role to protect the stored food
roduct from photo-oxidation induced by UV light (Shiku et al.,
004). On the other hand, some synthetic polymers ﬁlms, such
s oriented polypropylene (OPP) low-density polyethylene (LDPE),
id not prevent the passage of UV light above 280 nm (Table 3).
The transparency value of CM ﬁlms signiﬁcantly decreased
p < 0.05) from 4.49 ± 0.39 A600/mm  (CM25) to 3.38 ± 0.15 A600/mm
CM75) (Table 3), and such result indicate that the CM ﬁlm incorpo-
ated with higher glycerol concentration became more transparent.
he transparency values of CM ﬁlms were close to starch-based
lms plasticized with glycerol (López & García, 2012). Furthermore,
omparing with commercial ﬁlms used for packaging purposes, the
ransparency value of CM ﬁlms were higher than those reported
or OPP, but closer to LDPE (regarding CM50 and CM75) (Shiku
t al., 2004). Data obtained in our study seem to indicate that CM
lms are clear enough, therefore they could be used as see-through
ackaging or coating materials..1.7. Mechanical properties
The effect of glycerol incorporation on the mechanical proper-
ies of CM ﬁlms equilibrated at 25 ◦C, 52% RH, including the TS, EB,
nd YM is shown in Table 4.
able 5
hermo-gravimetric data of CM ﬁlms with different glycerol concentration.
Samplea No. of decomposition stage Temperature range (◦C) 
CM25 1 38.28–80.15 
2  119.24–225.51 
3  243.17–325.80 
CM50 1  38.28–76.15 
2  128.16–224.18 
3  243.12–315.66 
CM75 1  38.28–78.82 
2  135.36–213.51 
3  244.45–314.33 
a Chia mucilage (CM) ﬁlm with 25, 50 or 75% glycerol content (w/w).
b Temperature peak correspond to the values of the derivative thermograms obtained are  signiﬁcantly different (p < 0.05), based on Tukey’s test. Tensile strength (TS),
elongation at break (EB), Young’s modulus (YM).
a Chia mucilage (CM) ﬁlm with 25, 50 or 75% glycerol content (w/w).
The concentration of glycerol in ﬁlms caused signiﬁcant dif-
ferences (p < 0.05) in TS, EB, and YM values. Increasing the
concentration of glycerol in the CM ﬁlms from 25% w/w to 75%
w/w, decreased the TS of these ﬁlms from 17.75 MPa  to 9.44 MPa,
decreased the YM from 778.40 MPa  to 105.15 MPa, and increased
the EB from 1.93% to 15.89%. It is well known that plasticizers
modiﬁes the functional properties of biopolymer ﬁlms reduc-
ing intermolecular forces and increasing the mobility of polymer
chains, causing the mechanical strength of the ﬁlms to be decreased
and the ﬂexibility and extensibility enhanced (Piermaria et al.,
2011). As a result, increasing glycerol concentration in CM ﬁlms
improved ﬁlm extensibility and reduced its resistance. The effect
of plasticizer concentration on the ﬁlm’s mechanical properties
has been widely discussed in the literature (Cuq et al., 1997;
McHugh & Krochta, 1994). Similar results of decreasing TS values
and increasing EB values with increasing glycerol content were
reported by Ahmadi et al. (2012) for edible ﬁlms based on psyl-
lium seed gum. The TS values of CM plasticized ﬁlms were higher
than those reported by: Espino-Díaz et al. (2010) for Opuntia ﬁcus-
indica L. mucilage-based ﬁlms (0.4–0.95 MPa); Mun˜oz, Aguilera,
et al. (2012) for whey protein concentrate and CM composite
ﬁlms (2.67–4.68 MPa); Ghasemlou et al. (2011) for keﬁran-based
ﬁlms (5.04–8.85 MPa); and Osés et al. (2009) for whey protein
isolate and mesquite gum composite ﬁlms (2.0–12.1 MPa). The
TS values of CM plasticized ﬁlms were within the range of LDPE
Temperature peak (◦C)b Weight loss (%) Residue (%)
50.55 5 21.14
167.64 22
280.72 49
49.22 5 19.39
175.64 27
276.72 55
49.21 6 15.87
179.90 35
276.72 63
by the TGA curve.
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low-density polyethylene) ﬁlm (9–17 MPa), and lower than cello-
hane (114 MPa) (Smith, 1986). With regard to EB (Table 4), the
M25 ﬁlm exhibited a particularly low value, which was  reduced
y a factor of at least 10 relative to CM50 and CM75 ﬁlms. The
B values for CM50 and CM75 ﬁlms were in the range reported
n the literature for Opuntia ﬁcus-indica L. mucilage-based ﬁlms
Espino-Díaz et al., 2010), but were lower than the reported val-
es for whey protein concentrate and CM composite ﬁlms (Mun˜oz,
guilera, et al., 2012), whey protein and okra polysaccharide frac-
ion composite ﬁlms (Prommakool et al., 2011), keﬁran-based
lms (Ghasemlou et al., 2011), and cellophane and LDPE (Smith,
986).
.1.8. Thermal properties
In most applications it is important to know the thermal sta-
ility of the material employed. TGA thermograms representing
hermal degradation behavior of CM ﬁlms with different glycerol
oncentrations are presented in Fig. 1.The degradation temperature range, temperature peak, weight
oss, and residue of these ﬁlm samples are provided in Table 5.
M ﬁlms exhibited three main stages of weight loss (Fig. 1). The
rst stage corresponded of to early minor weight loss attributed to
ig. 2. Microscopy by SEM of surface (left column—magniﬁcation of 100×) and cross-sec
 g CM/100 mL water plus 25 g glycerol/100 g CM;  (c) and (d) ﬁlm containing 1 g CM/10
ater  plus 75 g glycerol/100 g CM.Fig. 1. Thermo-gravimetric curves of CM ﬁlms. Numbers denoted the level of glyc-
erol  concentration (% based on CM weight).desorption of moisture linked by hydrogen bounds to the polysac-
charide structure (Zohuriaan & Shokrolahi, 2004). The second stage
of weight loss corresponded to glycerol plasticizer volatilization.
The third stage of weight loss, which was highest, corresponded
tion (right column—magniﬁcation of 500×) of CM ﬁlms: (a) and (b) ﬁlm containing
0 mL  water plus 50 g glycerol/100 g CM;  (e) and (f) ﬁlm containing 1 g CM/100 mL
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o the decomposition of the polysaccharide and demonstrated that
his process occurred above 240 ◦C (Table 5). Overall, these results
uggested that CM ﬁlms showed good thermal resistance.
Temperature peak events showed that increasing glycerol con-
entration, increased the magnitude of weight loss associated with
wo thermal stages: chemisorbed water through the hydrogen
onds favored by the presence of glycerol (temperature peak 2),
nd decomposition of CM polysaccharide (temperature peak 3)
Table 5). Additionally, all ﬁlms had a residual mass (represent-
ng char content) at 650 ◦C ranging from 15.87% for CM75 ﬁlms to
1.14% for CM25 ﬁlms. The lower residual mass for CM75 ﬁlms
onﬁrmed that higher glycerol contents interfered with the CM
ydrocolloid interaction in ﬁlm network, and lowered the heat
esistance of the ﬁlm. Tongnuanchan, Benjakuland and Prodpran
2012) similarly reported higher heat resistance for ﬁlms prepared
rom ﬁsh skin gelatin containing lower glycerol concentration, thus
videncing that the glycerol content interfered the protein interac-
ion.
.1.9. Film morphology
A scanning electron microscope was employed to investigate
he microstructures of the surfaces and cross-sections of the CM
lms with different glycerol contents (Fig. 2). Microscopic views
howed relatively smooth and uniform surface morphology with-
ut cracks, breaks, or openings on the surfaces of CM ﬁlms. Fig. 2
hows scanning electron microscopy (SEM) of the outer surface
left) and cross-section (right) for CM25, CM50 and CM75 ﬁlms.
EM observations of ﬁlms with different glycerol concentrations
id not present any marked difference in structure. The homoge-
eous matrix of CM ﬁlms is an indicator of their structural integrity.
. Conclusions
The chia mucilage hydrocolloid is an interesting ingredient
or the design of new ﬁlm-forming solutions, and this research
emonstrated that CM edible ﬁlms plasticized with glycerol can
e prepared successfully. The addition of glycerol to extracted
ydrocolloid from the chia seed to make CM ﬁlms was  critical
o ensuring homogenous and ﬂexible ﬁlms and also signiﬁcantly
ffected the physicochemical, barrier, and mechanical properties
f the CM ﬁlms. This study demonstrated a relationship between
lasticizer (glycerol) concentration in CM ﬁlms and their moisture
ontent, ﬁlm solubility, and water vapor permeability. Increasing
he glycerol concentration resulted in increased moisture con-
ent, solubility, and water vapor permeability of the resultant CM
lms. Higher glycerol concentrations in the ﬁlms increased their
longation, and decreased their tensile strength, and Young’s mod-
lus. Additionally, CM ﬁlms exhibited high solubility in water,
ood thermal resistance, transparency, and UV light barrier prop-
rties, which could provide increased protection to packaged
ood. This study reveals that CM ﬁlms have potential as edible
lm or coating, with the health beneﬁts of CM soluble dietary
ber.
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